Composites of TiB 2 -tetragonal Al 3 Ti and TiB 2 -cubic (Al,Ni) 3 Ti have been fabricated using spark plasma sintering method at the temperature between 1173 and 1573 K. When TiB 2 (Al,Ni) 3 Ti specimens were sintered between 1273 and 1373 K, (Al,Ni) 3 Ti filled in space between TiB 2 grains and dense samples were obtained. On the other hand, when TiB 2 (Al,Ni) 3 Ti specimens were sintered at above 1473 K, (Al,Ni) 3 Ti evaporated and monolithic TiB 2 were obtained. A similar results have been obtained for the TiB 2 Al 3 Ti composites. The highest bending strength of TiB 2 (Al,Ni) 3 Ti specimens were 660 MPa obtained for TiB 2 30 mass%(Al,Ni) 3 Ti sintered at 1373 K. The highest bending strength of TiB 2 Al 3 Ti composites were 610 MPa obtained for TiB 2 30 mass%Al 3 Ti sintered at 1473 K. The Vickers hardness of TiB 2 (Al,Ni) 3 Ti composites increased as the sintering temperature increased and the maximum value of 2100 Hv were obtained by the sintering at 1573 K.
Introduction
Titanium diboride (TiB 2 ) has many desirable properties such as high hardness (Hv = 3400), high melting point (3000 K), low density, high electrical conductivity and good corrosion resistance.
1) It is a promising candidate for cutting tools, wear proof parts, aircraft propulsion systems, space vehicle thermal protection and so on. However, a high sintering temperature above 2000 K is required to obtain TiB 2 of high quality, which limits its application. 25) In the previous study, we have shown that, by the addition of Al 3 Ti, the composite specimens with relative density of 97% and Vickers hardness as high as 2100 Hv have been obtained by the sintering at the temperature as low as 1273 K. 6, 7) It has also been shown that Al 3 Ti evaporates by the sintering above 1473 K and monolithic TiB 2 specimens are obtained. The TiB 2 specimens sintered at 1573 K with the Al 3 Ti additive have relative density of 96% and Vickers hardness of 2100 Hv, which is superior to the TiB 2 specimens sintered at the same temperature without additives. 7) Al 3 Ti has low density, high melting temperature (1600 K), good high-temperature strength and good oxidation resistance but is brittle.
810) The lattice structure of Al 3 Ti is tetragonal D0 22 type, which can be changed to cubic L1 2 type by the substitution of transition metals for Al by around 15%.
1114) It is well known that cubic structures are favorable to make plastic deformation. In fact, compressive plastic deformation up to 30% has been achieved for cubic modified Al 3 Ti. 13) In the present study, TiB 2 -tetragonal Al 3 Ti and TiB 2 -cubic (Al,Ni) 3 Ti composites are fabricated using spark plasma sintering. Micro-structures and mechanical properties of the two composite systems have been investigated.
Experiment
The raw materials were commercially available TiB 2 powders of 99.9% purity, Ti powders of 99.5% purity, Al powders of 99.9% purity and Ni powders of 99.9% purity (all powders by Furuuchi Chemical Corp.). The diameter of TiB 2 powder particles was a few microns and those of Al, Ni and Ti powders were around 10 microns. To obtain fine Ti powders, Ti powders were hydrogenated by heating at 873 K during 1 h in H 2 environment. Then, powders of TiH x and Al were mixed, pulverized and heated at 973 K during 1 h in Ar environment. By this procedure, fine powders of Al 3 Ti of several µm in diameter could be obtained. Powders of (Al,Ni) 3 Ti were fabricated by a similar method. The ratio of Ni relative to Al in (Al,Ni) 3 Ti is fixed to 15 atomic % to obtain cubic L1 2 structure.
1114)
A graphite die, having an internal diameter of 20 mm and a wall thickness of 10 mm was filled with 5 g of the mixed powders of TiB 2 (Al,Ni) 3 Ti or TiB 2 Al 3 Ti, sealed by two graphite punches and mounted on the equipment, SPS-1050 fabricated by Sumitomo Coal Mining Ltd. The mixed powders were heated to the definite temperature between 1173 and 1573 K with the rate of 40 K·min ¹1 , kept for 10 min, and then furnace cooled to room temperature. The temperature was measured using a infrared radiation thermometer IR-AHS0 fabricated by Chino Corporation. The real temperature in the powder compact may be 50 degrees higher than that of the graphite die. 15) Sintering was performed in a vacuum with a residual pressure of 50 Pa. A uniaxial pressure of 20 MPa was applied during the sintering.
Thin layer of TiC was formed on the surface of the samples by the reaction of (Al,Ni) 3 Ti or Al 3 Ti with graphite 6) which was removed by polishing. Then, density of the samples was calculated from the volume and the mass of the samples. To examine the cross-section, specimens were cut by using a diamond cutter. SEM observation was performed using a Hitachi H-3300 instrument. In order to clarify the grain boundaries, the specimens were etched in a dilute HNO 3 solution. X-ray diffraction patterns were measured using Rigaku X-ray diffractmeter with Cu-k¡ radiation source. Vickers hardness was measured using a Shimadzu HMV-2 micro hardness tester with the load of 1.96 N and pressing time of 15 s. To perform the bending test, rectangular shape samples with the size of 2 © 3 © 20 mm 3 were cut by the electric discharge. Three point bending tests were performed using a Shimadzu AGS-J test machine with the crosshead speed of 0.5 mm/min and the span of 15 mm. Figure 1 shows the X-ray diffraction pattern from the cross-section of TiB 2 30 mass%(Al,Ni) 3 Ti specimens sintered at the temperature between 1173 and 1473 K. In the diffraction pattern of the specimen sintered at 1173 K, peaks from TiB 2 of hexagonal AlB 2 type and (Al,Ni) 3 Ti of cubic L1 2 type lattice structures have been observed. This result shows that (Al,Ni) 3 Ti co-exists with TiB 2 in equilibrium at 1173 K. The peak at 2ª = 39.5°, which corresponds to the {1,1,1} diffraction peak from (Al,Ni) 3 Ti, becomes broad when sintered at 1273 K and separates into two peaks at 2ª = 39.0 and 40.0°when sintered at 1373 K. In the diffraction pattern of the specimen sintered at 1373 K, weak peaks appear at 2ª = 41.8 and 46.9°, also. The peaks at 2ª = 39.0, 41.8 and 46.9°correspond to the diffraction peaks from tetoragonal Al 3 Ti. This fact suggests that cubic (Al,Ni) 3 Ti transforms to the tetragonal Al 3 Ti type structure when sintered at 1373 K even though such a transformation has not been reported. 1114) In the diffraction pattern of the specimen sintered at 1473 K, diffraction peaks from other compounds than TiB 2 become weak suggesting that Al 3 Ti and/or (Al,Ni) 3 Ti evaporate at 1473 K. A similar behavior has been observed in the TiB 2 Al 3 Ti systems where Al 3 Ti evaporates when sintered above 1473 K. 7) Figures 2(a), 2(b) and 2(c) show the SEM images of the cross-sections of the TiB 2 30 mass%(Al,Ni) 3 Ti specimens sintered at 1273, 1373 and 1473 K, respectively. In Fig. 2 (a) it is found that (Al,Ni) 3 Ti fills the space between TiB 2 grains and a dense specimen is obtained showing good wetting property of TiB 2 and (Al,Ni) 3 Ti. A dense specimen has been obtained when sintered at 1373 K, also, as shown in Fig. 2(b) , even though a part of the matrix phase may be transformed from cubic (Al,Ni) 3 Ti to tetragonal Al 3 Ti. On the other hand, many pores are present in the specimens sintered at 1473 K as shown in Fig. 2(c) . Those pores may be caused by the evaporation of (Al,Ni) 3 Ti.
Experimental Results
Figures 3(a), 3(b) and 3(c) show the SEM images of the cross-sections of the TiB 2 20 mass%(Al,Ni) 3 Ti specimens sintered at 1273, 1373 and 1473 K, respectively. In the TiB 2 20 mass%(Al,Ni) 3 Ti specimens sintered at 1273 and 1373 K, many pores are present as shown in Figs. 3(a) and 3(b) being different from the case of TiB 2 30 mass%(Al,Ni) 3 Ti specimens. It seems that in the TiB 2 20 mass%(Al,Ni) 3 Ti specimens, the amount of (Al,Ni) 3 Ti is not sufficient to fill the space between TiB 2 grains. The microstructure of the TiB 2 20 mass%(Al,Ni) 3 Ti sintered at 1473 K is nearly the same as that of TiB 2 30 mass%(Al,Ni) 3 Ti sintered at the same temperature both of which have some pores. the theoretical density of TiB 2 20 mass%(Al,Ni) 3 Ti, 4300 kg/m 3 .
16) The density of TiB 2 30 mass%(Al,Ni) 3 Ti sintered at 1273 K is 4130 kg/m 3 which is 98% of the theoretical density of TiB 2 30 mass%(Al,Ni) 3 Ti, 4220 kg/m 3 . The density of TiB 2 30 mass%(Al,Ni) 3 Ti sintered at 1373 K is 4260 kg/m 3 which is larger than the theoretical density of TiB 2 30 mass%(Al,Ni) 3 Ti. This result can only be explained by assuming that evaporation of (Al,Ni) 3 Ti occurs and, in addition, densification of TiB 2 proceeds during sintering. The density of both TiB 2 20 mass%(Al,Ni) 3 Ti and TiB 2 30 mass%(Al,Ni) 3 Ti is around 4290 kg/m 3 when sintered at 1473 or 1573 K, which is 96% of the theoretical density of TiB 2 , 4470 kg/m 3 .
In order to investigate the mechanical properties of TiB 2 (Al,Ni) 3 Ti and TiB 2 Al 3 Ti composite specimens, the Vickers hardness measurements and the three point bending tests were performed. Figure 4 shows the dependence on the amount of (Al,Ni) 3 Ti of the Vickers hardness, Hv, of the TiB 2 (Al,Ni) 3 Ti composites sintered at 1273 K. In Fig. 4 , Hv values of the TiB 2 Al 3 Ti composites are also shown which has been reported in Ref. 6 ). The Hv value of TiB 2 sintered without additives is as low as 20 Hv. This implies that sintering of TiB 2 proceeds scarcely at 1273 K. The Hv increases rapidly with the addition of (Al,Ni) 3 Ti. The Hv value of TiB 2 (Al,Ni) 3 Ti composites reaches the maximum value of 1600 Hv for 30 mass%(Al,Ni) 3 Ti. Increasing the content of (Al,Ni) 3 Ti beyond 30% leads to a decrease of Hv because the Hv value of (Al,Ni) 3 Ti is only 300 Hv. These behavior of the Vickers hardness of the TiB 2 (Al,Ni) 3 Ti system are similar to those of the TiB 2 Al 3 Ti system, even though the Hv values of the TiB 2 (Al,Ni) 3 Ti specimens are smaller than those of the TiB 2 Al 3 Ti specimens. Figure 5 shows the bending strength of the TiB 2 Al 3 Ti and the TiB 2 (Al,Ni) 3 Ti composites sintered at 1273 K. The bending strength of (Al,Ni) 3 Ti fabricated by the spark plasma sintering at 1273 K is 500 MPa while that of Al 3 Ti is as low as 180 MPa. The bending strength as high as 550 MPa has been obtained for the TiB 2 30 mass%(Al,Ni) 3 Ti specimen. On the other hand, the bending strength of the TiB 2 Al 3 Ti composites are lower than 260 MPa. The bending strength of the TiB 2 (Al,Ni) 3 Ti composites are higher than those of TiB 2 Al 3 Ti composites for the amount of (Al,Ni) 3 Ti larger than 30%. Figure 6 shows the dependence on the sintering temperature of the Vickers hardness (Hv) of TiB 2 , TiB 2 20 mass%(Al,Ni) 3 Ti and TiB 2 30 mass%(Al,Ni) 3 Ti. The Hv values of TiB 2 20 mass%(Al,Ni) 3 Ti increases rapidly as the sintering temperature increases above 1273 K. The Figure 7 shows the dependence on the sintering temperature of the bending strength of TiB 2 20 mass%(Al,Ni) 3 Ti and TiB 2 30 mass%(Al,Ni) 3 Ti. The bending strength of both systems increases as the sintering temperature increases to 1373 K, has the maximum values at 1373 K and decreases above 1373 K. The highest value of the bending strength is 660 MPa for the TiB 2 30 mass%(Al,Ni) 3 Ti specimen sintered at 1373 K. It has been shown by the X-ray diffraction measurements that, when TiB 2 (Al,Ni) 3 Ti specimens are sintered at 1473 K, almost all (Al,Ni) 3 Ti disappears and monolithic TiB 2 specimens are obtained. In ceramic materials, it is well known that pores and micro-cracks deteriorate the mechanical properties. It seems that the good performance of TiB 2 (Al,Ni) 3 Ti specimens sintered at 1373 K are brought by the fact that dense specimens are formed when sintered at 1373 K by the effect that (Al,Ni) 3 Ti fills in space between TiB 2 grains. Figure 8 shows the dependence on the sintering temperature of the bending strength of TiB 2 20 mass%Al 3 Ti and TiB 2 30 mass%Al 3 Ti specimens. The bending strength of TiB 2 30 mass%Al 3 Ti increases as the sintering temperature increases, has the maximum value of 610 MPa at 1473 K and decreases above 1473 K. The bending strength of TiB 2 30 mass%Al 3 Ti and 20 mass%Al 3 Ti are nearly the same as that of TiB 2 30%(Al,Ni) 3 Ti and TiB 2 20%(Al,Ni) 3 Ti when sintered above 1473 K. On the other hand, the bending strength of TiB 2 30 mass%Al 3 Ti and TiB 2 20 mass%Al 3 Ti are smaller than those of TiB 2 30 mass%(Al,Ni) 3 Ti and TiB 2 20 mass%(Al,Ni) 3 Ti when sintered at 1373 K.
Discussion
In the present experiments it has been shown that dense TiB 2 (Al,Ni) 3 Ti composite specimens can be obtained by the sintering of TiB 2 30 mass%(Al,Ni) 3 Ti specimens between 1273 and 1373 K. The relative density of TiB 2 30 mass%(Al,Ni) 3 Ti sintered at 1273 K is as high as 98%. On the other hand, many pores are present in the TiB 2 20 mass%(Al,Ni) 3 Ti specimen sintered at 1273 K and the relative density is only 86%. Similar behavior is observed for the TiB 2 Al 3 Ti system where relative density of TiB 2 30 mass%Al 3 Ti is 96% while that of TiB 2 20 mass%Al 3 Ti is only 85% when sintered at 1273 K. 7) It is well known that the maximum packing factor of space by spheres of a same radius is 74.0%. Then, by assuming that the shape of TiB 2 grains is a sphere of the same radius and no deformation occurs during sintering, 26 vol% of Al 3 Ti or (Al,Ni) 3 Ti, that is 21 mass% of Al 3 Ti or 22 mass% of (Al,Ni) 3 Ti are needed to fill up space between TiB 2 grains. This is in accord with the results that dence samples were obtaiend by the sintering of TiB 2 30 mass%(Al,Ni) 3 Ti specimens between 1273 and 1373 K while pores are present in the TiB 2 20mass%(Al,Ni) 3 Ti sintered below 1373 K. In the present experiments it has been shown that the bending strength of TiB 2 (Al,Ni) 3 Ti composites is higher than that of TiB 2 Al 3 Ti composites when sintered at 1373 K (see Figs. 7 and 8) . It has been reported that Al 3 Ti is brittle because of its anisotropic tetragonal lattice structure.
810)
The deformability of Al 3 Ti can be improved by the L1 2 modification of lattice structure by the replacement of aluminum with transition metal elements.
1114) The improvement of the bending strength may be caused by the improved deformability of cubic (Al,Ni) 3 Ti in comparison with tetragonal Al 3 Ti.
It has also been shown that, when TiB 2 (Al,Ni) 3 Ti specimens are sintered above 1473 K, (Al,Ni) 3 Ti disappears and monolithic TiB 2 samples have been obtained. It should be noticed that the density of TiB 2 20 mass%(Al,Ni) 3 Ti and TiB 2 30 mass%(Al,Ni) 3 Ti specimens sintered at 1573 K are considerable larger than that of TiB 2 sintered at the same temperature without additives. This fact indicates that densification of TiB 2 proceeds by the addition of (Al,Ni) 3 Ti even though (Al,Ni) 3 Ti itself disappears during sintering at 1573 K.
In the present experiment, it has been shown that a decomposition of (Al,Ni) 3 Ti occurs at around 1373 K. Such decomposition of cubic (Al,Ni) 3 Ti has not been reported so far. 11) In the present experiments, it has been confirmed that densification of TiB 2 occurs above 1473 K under the existence of (Al,Ni) 3 Ti. This fact indicates that some chemical reaction occurs at the interface of TiB 2 and (Al,Ni) 3 Ti. The decomposition of (Al,Ni) 3 Ti to Al 3 Ti may be caused by the reaction at the interface of (Al,Ni) 3 Ti and TiB 2 .
Conclusion
Composites of TiB 2 -tetragonal Al 3 Ti and TiB 2 -cubic (Al,Ni) 3 Ti have been fabricated using spark plasma sintering method at the temperature between 1173 and 1573 K. When TiB 2 (Al,Ni) 3 Ti specimens were sintered between 1273 and 1373 K, (Al,Ni) 3 Ti filled in space between TiB 2 grains and dense samples were obtained. On the other hand, when TiB 2 (Al,Ni) 3 Ti specimens were sintered above 1473 K, (Al,Ni) 3 3 Ti specimens are higher than that of TiB 2 Al 3 Ti composites when sintered between 1273 and 1373 K, and nearly the same when sintered above 1473 K. On the other hand, the Vickers hardness of the TiB 2 (Al,Ni) 3 Ti composites increased as the sintering temperature increased and the maximum value of 2100 Hv were obtained by the sintering of TiB 2 30 mass%(Al,Ni) 3 Ti at 1573 K.
